Several high-speed pnp phototransistors built in a standard 180 nm CMOS process are presented. The phototransistors were implemented in sizes of 40 Â 40 mm 2 and 100 Â 100 mm
Introduction
During the last decades CMOS processes evolved to mature technologies, wherein a cheap implementation of integrated circuits is possible. Compared with III-V compound semiconductors, CMOS technologies have some major advantages like the possibility to combine silicon photodetectors together with the signal processing circuitry into an optoelectronic integrated circuit (OEIC). These single-chip devices exceed assemblies of wire bonded compound photodetectors and integrated circuits in many aspects. One advantage for example is the avoidance of the bond pads and bond wires between photodetector and read out circuitry. This for example leads to an excellent immunity against electromagnetic interference. Other advantages of CMOS OEICs over III-V solutions are the possibility for cheap mass production, easy handling, packaging, etc. [1] .
Optical signals are converted into electrical signals by means of photodetectors. The most common photodetectors are photodiodes, phototransistors and avalanche photodiodes. However, phototransistors as well as avalanche photodiodes have the advantage to increase the responsivity compared to simple photodiodes, due to their inherent current amplification.
Silicon photodetectors are able to detect wavelengths between 300 nm and 1100 nm due to the physical properties of the material. Light in the mentioned wavelength range enters the silicon and is absorbed in it. The absorption of the photons leads to the generation of electron-hole pairs with a generation rate G [1] :
Gðx,lÞ ¼ F 0 aðlÞe
ÀaðlÞx ð1Þ
The generation rate G is dependent on the wavelength l the depth x from the semiconductor surface, the photon flux F 0 of the incident light and the absorption coefficient a. Light with short wavelength is absorbed near the semiconductor surface, while light in the near infrared region has a larger penetration depth and is therefore absorbed deep in the silicon. For example blue light with a wavelength of 430 nm generates electron-hole pairs in depths up to 0.2 mm while near infrared light with a wavelength of 850 nm has a 1/e penetration depth of about 16.6 mm [1] . Due to the wavelength dependent penetration depth of the light, the photodiodes and phototransistors will also have wavelength dependent bandwidths, since the distribution of the total photocurrent in drift and diffusion part is wavelength dependent. Compound photodetectors, for example InGaAs, InP, or GaAs have due to their material properties higher absorption coefficients a, which lead to small penetration depths in the range up to 1 mm from the surface. However, silicon photodetectors are preferable due to the above described advantages.
Photodiodes can be split into several subcategories. The PN photodiode can be mentioned as the most common photodetector. PN photodiodes consist of a simple p-n junction and are easily integrated into CMOS. This kind of photodiode can be implemented in three different ways. The n-well/p-substrate together with the n þ /psubstrate photodiodes can receive photons of the complete visible and the near infrared spectrum. However, the large 1/e penetration depth of near infrared light leads to long distances which charges have to travel in the field free diffusion region. Since the diffusion process is very slow, these kinds of PN diodes are characterized by a small bandwidth. However, the n-well/p-substrate structure has a higher bandwidth and a better responsivity compared to the n þ /psubstrate structure. This is mainly due to the deeper and lower doped n-well layer (compared to n þ ), which results in a deeper and also thicker space-charge region. Thus, deep generated electrons have to travel shorter distances to reach the space-charge region, resulting in a higher bandwidth. As a third possibility, an isolated PN photodiode can be built. Thereby a p þ /n-well diode is implemented into the p wafer. Charges which are generated deep in the substrate do not contribute to the photocurrent due to the isolation of the PN diode from the substrate. However, charges generated in the active diode area are rapidly collected, which results in fast detectors, but with low responsivity. An n-well/p-substrate PN photodiode with a bandwidth of 1.6 MHz and a responsivity of 0.5 A/W at 780 nm for a reverse bias voltage of V D ¼5 V is presented in [2] . In [3] an optical receiver using an n þ /p-substrate photodiode as well as an npn phototransistor built in a 65 nm CMOS process is presented. The paper states a photodiode responsivity of 0.03 A/W and a bandwidth of 2.5 MHz at 850 nm.
PIN photodiodes introduce some orders of magnitude higher bandwidth compared to standard PN photodiodes. They have an additional intrinsic layer between the cathode and anode. In CMOS technologies this low doped epitaxial layer is grown on top of the substrate material. This 10-15 mm thick epi layer leads to a thick space-charge region between the anode and the cathode of the photodiode. By applying a relatively low reverse bias voltage a rather thick drift zone is formed, which results in a large amount of drift current and only a small fraction of diffusion current. As a consequence of the high drift current part, PIN photodiodes achieve very high bandwidths compared to PN diodes. Due to the advantages of PIN diodes over PN diodes, PIN diodes are the most commonly used detectors for high speed optical communication applications like optical receiver [3, 4] , time-of-flight distance measurement applications [5] [6] [7] [8] Avalanche photodiodes (APDs) achieve a high amplification of the photocurrent by an inherent avalanche multiplication process. However, the big drawback is the need for a high voltage supply of several tens of volts to achieve sufficient electrical field strength for avalanche amplification [9] . High voltages are a problem in integrated circuits and even more in modern lowvoltage processes. However, single-photon avalanche photodiodes (SPADs) are a new kind of avalanche photodiodes, which can operate at smaller bias voltages compared to the described standard avalanche photodiodes. Refs. [10] [11] [12] [13] report singlephoton avalanche photodiodes with breakdown voltages between 9.4 V and 23.1 V. Another disadvantage of SPADs and APDs is the very narrow bias voltage range for linear operation due to their strongly nonlinear behavior and thus the need for a complex control circuit.
The most important advantage of phototransistors over avalanche photodiodes is that they do not need high voltages for current amplification. Phototransistors can be built in different ways. Some examples for phototransistor implementations in CMOS technologies are vertical bipolar phototransistors [3, [14] [15] [16] [17] [18] [19] [20] , lateral bipolar phototransistors [21] and photoMOSFETs [22] . The 65 nm CMOS npn phototransistors described in [3] achieve a responsivity of 0.34 A/W and a bandwidth of 150 kHz at 850 nm light. Phototransistors with PIN structure show bandwidths up to 14 MHz and responsivities up to 76 A/ W at 675 nm and 37.2 A/W at 850 nm [14] . In [15] a CMOS Lock-In Amplifier using standard CMOS pnp phototransistors with bandwidths of a few hundred kHz is described. Refs. [16, 17] report on npn phototransistors with responsivities of 0.25 A/W for the blue spectral range. Another pnp phototransistor with a current gain of 300 and a maximum bandwidth of 7.8 MHz at 638 nm is described in [18] . Some results of this work are presented in [19, 20] .
Working principle
The vertical bipolar pnp phototransistor is formed by the p-substrate, an n-well implant and a p þ implant inside the n-well. A depiction of the cross-section of such a pnp phototransistor is shown in Fig. 1 , wherein the base-collector junction acts as a PN photodiode. Since the collector is formed by the substrate, the pnp phototransistor can only be used in emitter follower configuration. Two space-charge regions are present in the phototransistor, one between the base and the collector and another one between the base and the emitter. Charges generated by the incoming light are separated by the electrical field inside the space-charge regions. Assuming that the base is floating, the electrons are accumulated in the base and makes its potential more negative. The electron accumulation in the base leads to an increase of the base-emitter PN diode forward voltage, which implicates an injection of holes from the emitter into the base. A high portion of the injected holes diffuse through the base and reach the base the base-collector space-charge region. There they are swept into the collector by the electric field. The relation between the collector current I C and the photocurrent I PH is the inherent current amplification b of the phototransistor.
Methodology
In this work we introduce integrated vertical bipolar silicon phototransistors. The phototransistors were implemented in sizes of 40 Â 40 mm 2 and 100 Â 100 mm 2 in a 180 nm standard CMOS Fig. 1 . Cross-section of a common pnp phototransistor integrated in CMOS technology.
process without process modification. A special starting material was used to get a thick space-charge region at the base-collector junction. It consists of a 15 mm thick, low doped (5 Â 10 13 cm À 3 ) epitaxial grown layer on top of the p-substrate. Due to this p À epi layer a PIN structure is formed with the advantage of a thick drift zone and thus a large drift current part for deep penetrating light like 850 nm at low voltages. This characteristic leads to a fast separation of the generated electron-hole pairs and furthermore to higher bandwidths compared to standard phototransistors. However, the bandwidth and also the responsivity of the phototransistors are also dependent on the size and design of the base and the emitter area. The characteristics of the phototransistors can be adjusted by changing the base and emitter designs.
Bandwidth and photocurrent amplification
For speed optimization all implemented phototransistors were built with small emitter areas. The reduction of the emitter size leads to a small base-emitter capacitance C BE and thus to a higher À3 dB bandwidth
where f À3 dB is the À 3 dB bandwidth of the phototransistor, b is the forward current gain of the phototransistor, t B is the base transit time, k B is the Boltzmann constant, T is the absolute temperature, q is the elementary charge, I E is the emitter current of the phototransistor, C BE is the base-emitter capacitance and C BC is the base-collector capacitance [23] .
On the other hand, the small emitter leads also to a reduced responsivity since the photogenerated charges have to travel longer distances to reach the emitter area which increases the probability for recombination. The base of the phototransistor is formed by a homogeneous n-well over the whole photosensitive area ( Fig. 2a and b) . For a further increase of the bandwidth the base-collector capacitance C BC and thus the base-collector junction area should be reduced. This was done by implementing a second kind of base profile, where the base area was formed only by a small n-well under the emitter area as shown in Fig. 2c and d. A reduction of the perimeter capacitance leads also to a further increase of the bandwidth. Therefore a lateral 3 mm p À epi layer gap was added between the n-well base and the p-well collector contact for the devices with a full n-well base. Applying a higher collector-emitter voltage V CE will lead to thicker space-charge regions and thus to smaller base-collector and base-emitter capacitances. This furthermore increases the À 3 dB bandwidth. Nevertheless, the bandwidth of phototransistors generally is lower than the bandwidth of PIN photodiodes. This is true on one hand because the phototransistor has two rather high junction capacitances C BE and C BC and on the other hand it is limited by the base transit time t B , which is not an issue in a photodiode.
As mentioned before, the responsivity of the phototransistor will be small for a small emitter size due to a higher charge recombination probability. Charges which are not generated directly under the emitter will have to travel longer distances to reach the base-emitter junction. These charges will contribute to the photocurrent if their lifetime is longer than the time they need to reach the emitter. Otherwise they will recombine and get lost. The lifetime of the charge carriers depends on the doping concentration of the base. Furthermore the inherent current amplification of the phototransistor also depends on the doping concentration of the base. A small base doping concentration will lead to a small Gummel number and therefore to a high current amplification. The relation between base doping concentration N B , Gummel number N G and inherent current amplification b is shown in Eqs. (3) and (4) [24] :
bp
where W is the effective width of the base and N E the emitter doping concentration. The effective width W of the base is the distance between the borders of the base-emitter space-charge region and the base-collector space-charge region inside the base. However, if the effective base width gets too low a reach-through current between collector and emitter can occur. All our implemented phototransistors have a thick enough effective base width to prevent reach-through between the collector and emitter area even for high voltages. This is illustrated by the output characteristic measurements in the measurement results section. As a conclusion we can say that phototransistors for high responsivity should be designed with large emitters over the whole photosensitive area together with a low doped base. However, our phototransistors are designed primarily for higher bandwidth and therefore they have smaller emitters, with the tradeoff of a reduced responsivity.
Phototransistor design
In this work we present four different kinds of phototransistors with different designs of base and emitter area: Then it is possible to apply an ARC layer on top of the phototransistors which will lead to an increase of the responsivity by up to 3 dB. On the other hand, for achieving a higher responsivity the four emitter of the PT QUAD were placed in the center of each quadrant of the phototransistor. As described in Section 3.1, the small base (S B ) of the phototransistors was fabricated with the idea to reduce the base-collector capacitance C BC and thus to increase the bandwidth compared to the phototransistors with a full base over the whole photosensitive area (F B ).
Measurement results
The presented phototransistors were characterized by optical DC and AC measurements. The output characteristics and DC responsivity were measured by optical DC measurements at 850 nm. Furthermore the spectral responsivity was measured over the whole visible light range and near infrared range. Optical AC measurements were done for acquiring the responsivities, bandwidths and rise times of the phototransistors. The AC measurements were done at three different wavelengths: 410, 675 and 850 nm.
Optical DC measurements

Output characteristics
The output characteristics of the devices were measured by applying an 850 nm light with different optical light power P opt and varying the collector-emitter voltage V CE . The optical light power P opt was varied thereby from À 37.7 dBm to À 8.3 dBm. Fig. 3 depicts the output characteristics of the 100 Â 100 mm 2 PT QUAD F B phototransistor. As can be seen in Fig. 3 no reachthrough occurs for V CE voltages up to À13 V. The output characteristics of the other devices are similar to the presented one.
DC responsivity
In Fig. 4 the calculated DC responsivity at V CE ¼ À10 V is depicted for the 100 Â 100 mm 2 PT QUAD F B phototransistor. It can be seen, the responsivity decreases for increased optical light power. This is caused by a reduced gain in the phototransistor. The higher optical light power causes a change of the operating point and thus a different responsivity as described in [14] . As shown in Fig. 3 the collector current I C has only a minor dependence on V CE in the forward active region of the phototransistor. This leads to a nearly constant responsivity of the device over V CE . Table 1 shows the DC responsivities of the 100 Â 100 mm 2 PT EDGE F B and PT QUAD F B phototransistors at À 2, À5 and À 10 V and optical light power of À 15.5 and À 8.3 dBm.
Spectral responsivity measurements
Spectral responsivity measurements in the range from 400 nm to 900 nm were done using a monochromator. The used monochromator is based on a Spectral Products Xenon Fiber Optic Lightsource ASB-XE-175, a Spectral Products Digikröm CM110 monochromator and optics for fiber coupling. Furthermore the device has a 50/50 splitter, which allows to monitor the actual output power in parallel to the measurement of the DUT (device under test). The optical power of the monochromator varied between À 35.7 dBm and À26 dBm over the full spectrum (Fig. 5) . Fig. 6 depicts the spectral responsivity of the 100 Â 100 mm 2 phototransistors PT EDGE F B and PT QUAD F B measured at a collector-emitter voltage V CE ¼ À2 V. The phototransistor with the quad-emitter shows a higher responsivity due to more emitter area and thus less recombination compared to the phototransistor with the edge emitter. A maximal responsivity is measured in the red wavelength range. Furthermore Fig. 6 shows oscillations in the spectral responsivity, which are caused by several oxide layers and one passivation layer. The oxide stack structure can be compared with a Fabry-Perot interferometer, which leads to reflection as well as to transmission dependent on the wavelength. The free spectral range Dl, which describes the frequency spacing between the responsivity maxima, can be described with the following equation [25] :
2nd cos y
Here l 0 is the free-space wavelength, n is the refraction index of the layer, d is the thickness of the layer and y is the angle of incidence. By applying an ARC layer together with an optical window etch step the oxide stack can be removed and described effects can be eliminated. Nevertheless, the diagrams deviate slightly due to the varying operating point (mean optical power) at different wavelengths.
Optical AC measurements
The optical AC measurements were done by using modulated light at 410, 675 and 850 nm. For achieving the same collector current I C , the measurements were done at different optical power for each wavelength. The results at 410 nm were acquired using a laser with an optical light power of À12.7 dBm and an extinction ratio of 2. For 675 nm and 850 nm the light power was À 19.2 dBm and À15.8 dBm and the extinction ratio of the laser was 2.74 and 1.48, respectively. Furthermore measurements were taken at different collector-emitter voltages V CE .
AC responsivity
The phototransistors achieve small responsivities due to their small emitter sizes, as already described in Section 3. Based on the fact that charges have to travel longer distances to reach the emitter area, the recombination probability is increased, which leads to a small responsivity. However, the presented phototransistors were designed and optimized for high-speed applications. Table 2 
Table 2
Dynamic responsivity in A/W for the four 40 Â 40 mm 2 phototransistors for two different collector-emitter voltages at 410, 675 and 850 nm. 
Bandwidth measurements
The bandwidth of the devices was measured by means of a vector network analyzer (VNA). A depiction of the bandwidth measurement setup is shown in Fig. 7 . Phototransistors with a small base (S B ) under the emitter area show higher bandwidths than phototransistors with a full base (F B ), due to a smaller basecollector capacitance C BC . Furthermore the 40 Â 40 mm 2 devices show higher bandwidths compared to the 100 Â 100 mm 2 devices because of a smaller base-collector capacitances C BC as well as a smaller perimeter capacitance. By increasing the collectoremitter voltage V CE both space-charge regions become thicker. This leads to smaller junction capacitances C BC and C BE and as shown in Eq. (2) to a higher bandwidth. In Fig. 8 the dependence of the bandwidth on the phototransistor size together with the collector-emitter voltage V CE is depicted for the phototransistor PT QUAD F B at 675 nm. Table 3 shows the bandwidth values for this phototransistor with both mentioned sizes. In Fig. 9 Table 4 . The frequency bandwidth at V CE ¼ À2 V is noticeable, since the quad emitter devices have a higher bandwidth than the edge emitter devices. This is caused by shorter diffusion distances for generated charges. For all devices the bandwidth maximum is achieved at 675 nm since at this wavelength the main part of the charges is generated in the base-collector space-charge region. All of these charges are directly generated in the electrical field zone. For low collector-emitter voltages V CE ¼ À2 V the base-collector space charge region will not extend over the whole detector area. Therefore even for 675 nm the device is slow compared to the l¼410 nm l¼675 nm l¼850 nm higher collector-emitter voltage (V CE ¼ À10 V). Nevertheless, for 850 nm the thickness of the whole device is more important than the lateral dimension so phototransistors at low collector-emitter voltages have a higher bandwidth for 850 nm.
Step response measurements
Step response measurements were done for the phototransistors at 410, 675 and 850 nm. Table 5 .
Conclusion
In this work we present four kinds of speed optimized bipolar pnp phototransistors built in a standard 180 nm CMOS process without any process modifications. The aim of this work was to design fast devices for deep penetrating light. The increase of the devices' bandwidth was done by reducing the emitter size as well as the base size of the device. The phototransistors were implemented in sizes of 40 Â 40 mm 2 and 100 Â 100 mm 2 . As starting material a wafer was used with a 15 mm thick low doped p À epi layer grown on top of the p substrate. By means of this low doped epi layer a thick space-charge region is formed between base and collector which leads to a fast separation of deep generated charges caused by deep penetrating light. The thick space-charge region and thus fast separation of the generated charges are important for achieving high bandwidths. For a further speed optimization the phototransistors were implemented with small emitter areas to reduce the base-emitter capacitance. However, due to the small emitter areas the phototransistors achieve relatively small responsivity values. Nevertheless, the presented phototransistors achieve for 850 nm dynamic responsivities which are by a factor of more than 6 larger than the presented responsivities for the 65 nm pnp phototransistor described in [3] . S B  27  5  44  12  41  7  PT EDGE F B  20  5  37  15  41  8  PT QUAD S B  16  8  28  13  40  11  PT QUAD F B  17  7  31  19  40  13 Furthermore, the presented phototransistors achieve bandwidths up to 60 MHz for 410 nm, up to 92 MHz for 675 nm and up to 50 MHz for 850 nm. When comparing the bandwidth results for 850 nm with the results of the phototransistor presented in [3] , the bandwidth increase is more than a factor of 330. Alternatively compared to the fastest own results presented in [14] the bandwidth increase is still a factor of more than 3 at 850 nm. A globally optimized phototransistor cannot be found, since its properties and its realization depend strongly on the demands on the application field. A trade-off between responsivity and bandwidth exists and thus each phototransistor can only be the best solution for a narrow field of application. Furthermore, the phototransistors are hard to be compared meaningfully with other devices (even other phototransistors) due to their strongly non-linear behavior. The nonlinearity leads to a strong dependence on different factors like collector-emitter voltage, wavelength, size of the device, optical light power, additional base currents, etc. Unfortunately many publications on phototransistors are lacking one or more of these values, which gives them limited comparability. However, in Table 6 we have tried to give a comparison of the fastest presented device together with other (Bi)CMOS phototransistors from literature. Due to the presented results these phototransistors are well suited for cheap high speed optical CMOS applications, where a photosensitive device with an inherent current amplification is needed for weak light detection. Possible applications are fast opto-coupler, optical data receiver, etc. 
